WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 

B01J 23/52, 23/63, H01M 8/12, 4/92, 
4/90, 8/06 



Al 



(11) International Publication Number: 
(43) International Publication Date: 



WO 99/16546 

8 April 1999 (08.04.99) 



(21) International Application Number: PCT/BG98/O0016 

(22) International Filing Date: 29 September 1998 (29.09.98) 



(30) Priority Data: 
101931 



(71) Applicant (for all designated States except US)i LAMAN 
CONSULTANCY LIMITED [BG/BG]; Veliko Tarnovo 
Street, 24, 1000 Sofia (BG). 

(72) Inventor; and 

(75) Inventor/Applicant (for US only): TATCHEV, Vassil 
Metodiev [BG/BG]; Veliko Tarnovo Street, 24, 1000 Sofia 
(BG). 

(74) Agent: VARB ANOV, Julian Ivanov; 2nd floor, Positano Street, 
3, 1000 Sofia (BG). 



29 September 1997 (29.09.97) BG 



(81) Designated States: AU, CA, JP, US, European patent (AT, BE, 
CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, 
NL, PT, SE), 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Title: GOLD CATALYST FOR FUEL CELLS 
(57) Abstract 

Gold catalvst for reforming and electrochemical oxidation of hydrocarbon fuels, methanol and methane, for application in the fuel 
cell inJusi ^ g£ ca #t b suitable for removal of impurities from the anodic fuel, by selective oxidation of the carbon monoxide. 
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GOLD CATALYST FOR FUEL CELLS 

Back ground of the invention 

The invention relates to a gold catalyst for oxidation of hydrocarbon and thus 
suitable for the fuel cell industry. - 

Fuel cells are attractive alternative to the internal combustion engine 
technology, since they offer zero emission, higher effiency and reliability. 

The commercialisationof the fuel cells however, has been delayed due to 
technical and economic considerations, which include the availability of a 
suitable fuel in sufficient quantity and at competitive price and the lack of 
catalyst for the anodic reaction active at low temperatures One of the best fuels 
is hydrogen, but its production is a power hungry and costly. 

During the last two decades of the modern development of fuel cells, several 
fuels other than hydrogen were considered; hydrocarbons, methanol, hydrazine 
and ammonia. Of this hydrazine has shown to be carcinogenic, and ammonia to 
be expensive. Hydrocarbons, natural gas and methanol therefore, could be the 
fuels of choice as they are cheap and available in large quantity. 

The direct methanol fuel cell ( DMFC ) has been considerate as the ideal fuel 
cell system since it produces electric power by the direct conversion of 
methanol at the fuel cell anode. The DMFC is more attractive than the 
conventional hydrogen fuel cells especially for transportation, where at present 
bulky gas bottles with compressed hydrogen are carried. However, 
commercialisation of DMFC has been impeded, major limitation being the 
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anode performance which requires highly efficient and cost effective oxidation 
catalyst which at present is still not available. 

r^alysts of prior art 

Where base metal are used, degradation of the catalyst rapidly occurs. Platinum 
group metals have been used to some advantages, but sufficiently high activity 
at low metal loading has not been achieved. Further platinum is active at 
temperatures higher than 200°C and moisture has a negative effect at low 
working temperatures. Fuel cells have also been operated at high temperature 
to compensate for the low catalyst activity. This exacerbates catalyst 
degradation and raises the overall termal signature of the device. 

Gold has always been regarded as far less active than the platinum group 
methals (PGM's). Recent publications, however, have shown that gold, when 
highly dispersed on reducible oxides, is very active for carbon monoxide 
oxidation at low temperature. 

For example, German patent DE 3914294 describes a gold catalyst dispersed 
on a support containing iron oxide and alumine oxide and/or aluminosilicate. 
This catalyst, however, has unsatisfactory conversion of carbon monoxide at 
higher space velocity and is poisoned by moisture and sulphur dioxide. 

Bulgarian patent No. 101,490 describes gold catalyst for oxidation of carbon 
monoxide and hydrocarbons, reduction of nitrogen oxides and decomposition 
of ozone. The catalyst is suitable for removing toxic exhaust gases from the 
combustion engine, for decomposition of ozone at low temperatures, etc. 
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Summary of the, invention 

Clearly, more active catalyst with high efficiency, acceptable cost and low 
operating temperature is required. 

According to the invention, a catalyst for direct electrochemical oxidation of 
methanol, hydrocarbons and methane comprises a complex of gold and 
reducible oxide of a transition metal on a porous support of oxides selected 
from ceria, titanium and zirconia. 

The transition metal could be chromium, copper, cobalt, manganese, iron or a 
combination of those metals. The concentration of the gold is from 0.1 % to 
2.5%, but preferably less than 1.3% and the total concentration of the metals in 
the active composition should not exceed 6% from the total mass of the 
catalyst. 

The support of mixed oxides has large surface area typically 80 m 2 /g to 400 
m 2 /g, with ceria oxide concentration from 30% to 70 %, titania oxide 5% to 
25% and zirconia oxide from 5% to 25%. 

The gold-transition metal oxide particles are deposited on the support by the 
methods of the known art: i mpregnati on, precipitation, co-precipitation, wc* 
incipient dryness or a combination of these techniques. The particles of the 
active component are finely and evenly dispersed through the support and 
should be of a size less than 40 nm, preferably less than 20 nm. 

The calcination of the catalyst is maintained in oxidising atmosphere at 
temperature from 100° to 500°C. The working temperature of the catalyst is 
from Oo to 650°C 
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The catalyst could have applications in the following areas of the fuel cell 
technology: 

• Direct electrochemical oxidation of methanol 

• Reforming of methane 

• Direct electrochemical oxidation of liquid fuels at temperatures lower than 
what is currently used. 

• Removal of impurities, mainly carbon monoxide, from the anodic fuel. 

Fuel cells are electrochemical energy converters. They consist of two electrodes 
containing electrocatalysts and an electrolyte. Gas fuel is fed to the anode and 
is absorbed on the catalitically active surface, where an oxidation reaction 
occurs. 

After the electrons are discharged, the ionized fuel passes through the 
electrolite and on the surface of the cathode absorbs electrons and combines 
with oxygen thus forming water. This process could take place at temperature 
below 100°C. 
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The reactions taking place on the anode and the cathode are: 

Anode reaction 2H 2 - 4H + + 4e" (1) 

Cathode reaction 0 2 + 4H + + 4e" 2H 2 0 (2) 

The force behind the process of ion migration is the concentration gradient 
between the two interfaces, electrode and electrolyte. The oxidation of methane 
could generate hydrogen, required for the electrochemical oxidation at the 
anode of the fuel cell: 
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CH 4 + 0 2 C0 2 + 2H 2 (3) 

The research today has shown however, that this can not be achieved with the 
existing commercial catalysts. Even with noble metals, the best reported to be 
Pt supported on carbon, the conversion has proven insufficient. 

The direct methanol fuel cell (DMFC) has been considerate as the ideal fuel 
cell since it provides electric power by the direct conversion of methanol at the 
fuel cell anode. The DMFC is more attractive than conventional hydrogen 
fuelled cells particulary for transportation applications. 

The conversion of methanol takes place according to the following reaction: 
CH 3 OH + H 2 0 C0 2 + 6H + + 6e (4) 

Commercialisation of the direct methanol fuel cell however, has been impeded 
by its poor performance compared with hydrogen-air systems, the major 
limitation being the anode performance for which highly efficient methanol 
oxidation catalysts are required. 

The advanta ges of the catalyst of the in vention 

• The gold catalyst may be used for direct electrochemical oxidation and of 
hydrocarbons at low temperatures, below their termal decomposition. 

• The catalyst of the invention oxidises methanol at temperature below 100°C. 
The catalyst could be suitable for direct conversion of methane. 

The gold catalyst is highly efficient oxidation catalyst: total oxidation of 
methane to carbon dioxide occurs even under partial oxidation conditions. 
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• The complete oxidation of methane occurs below 550°C 

• The presence of moisture enhances the catalyst's oxidation activity, and thus 
makes it very attractive for steam refonning. 

• The loading of the gold in the catalyst is at acceptable low levels which 
makes the catalyst economically viable. 

• The exceptionally high oxidising capacity of the catalyst of the invention at 
low temperature, could be utilised for the removal of impurities, from the 
anodic fuel by selective oxidation of carbon monoxide. 

TVsrription of examples 

Six samples of the catalyst of the invention were tested for oxidation of 
methane. The samples vary in their gold content and composition of the 
support. 

The catalyst were tested in reaction gas mixture containing 0.25% CH 4 balance 
air and 2.5% CH 4 , balance air at a gas hourly space velocity (GHSV) of 
12 000 h 1 . 

Example 1 

Tests in a 0.25% methane , balance air 

Samples 1, 2, 3 were tested in the gas mixture at temperature from ambient up 
to 500°C. The temperature range for samples 4, 5, 6 was increased to 600°C. 

The space velocity was 12 000 h" 1 . 

After testing to the maximum temperature, the samples were cooled in air to 
room temperature and re-tested in the same reaction mixture, to evaluate 
catalyst stability and reproducibility. 
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The total methane conversion, as a function of reaction temperature, has been 
determine for each catalyst and the results are given in Figure 1. Run 2 in the 
same figure denote the repeat test. 

From Figure 1, it can be seen that the methane conversion occurs between 400 
and 550°C. The best catalytic activity is achieved by sample 6. 
The repeat run showed that the catalysts are stable at temperatures as high as 
600°C under the test conditions. Further, operating at high temperatures, 
primed catalyst number 6 and improved its performance. 



Example 2 

Tests in a 2.5% methane, balance air 

The same samples 1, 2, 3, 4, 5 and 6 were tested in 2.5% methane, balance air 
to a temperature of 600°C, and GHSV = 12 000 h 1 . 

To evaluate catalyst stability and reproducibility, sample 6 was cooled in air 
from 600°C to room temperature and re-tested in the gas mixture again to 
600°C 

From the results shown in Figure 2 it can be seen that increasing the 
concentration of methane by a factor of 10 (i.e.: from 0.25% to 2.5%) does not 
alter significantly the conversion of methane. Again catalyst 6 showed 
excellent activity for methane oxidation and stability up to 600°C. (Figure 2, 
Run 2 .) 
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Example 3 

Tests in 25% methane, balance air 

Sample 4 was tested for partial oxidation of methane in the following gas 
mixtures: 

(a) 25% CH 4 , 15.8% 0 2 , balance N 2 

(b) 25%CH 4 , 3.9% 0 2 , balance N 2 

The total methane conversion and selectivity of products to C0 2 and CO was 
determine as a function of temperature. 

For each experiment the catalyst activity was evaluated up to 600°C 

After testing to 600°C, the catalyst was cooled in air to room temperature and 
the reaction repeated in order to establish catalyst stability and reproducibility. 
The results in test mixture (a) are given in Figure 3 and the results in test 
mixture (b) are given in Figure 4. In both figures the repeat test are shown in 
Run 2. 

From Figures 3 and 4, it can be seen that the gold catalyst showed almost 
complete product selectivity to the formation of carbon dioxide even when the 
oxygen content was reduced and the O2/CH4 ratio was changed from 
1 : 1.06 to 1 : 6.4. Thus, when reaction condition were most favourable for 
partial oxidation, the catalyst showed excellent total oxidation properties. 
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Example 4 



Tests for methanol oxidation were carried out with samples 2 and 5. 
The experiments were performed by pumping liquid methanol into a vaporiser. 
The gas mixture was 6.5% CH 3 OH, balance air and gas hourly space velocity 
20 000 h* 1 . The results are given in Table 1 and show that Sample 5, which 
contains higher concentration of gold and titanium oxide, is superior in respect 
to the methanol oxidation. 



Table 1 




Example 5 



Comparison between the gold catalyst of the invention and platinum catalyst on 
aluminium oxide support was carried out. The Pt loading was six times higher 
than the gold content. The gas mixture used in the experiment was 10.5% 
CH 3 OH, balance air, gas hourly space velocity 60 OOOh 1 . 

Irrespective of its lower metal loading (six times less), the gold catalyst shows 
significantly better oxidation activity at temperatures below 100°C. 
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Example 6 



In addition to its high activity for oxidation of methanol and hydrocarbons, the 
gold catalyst of the invention shows exceptional capacity for oxidation of 
carbon monoxide at ambient temperature. This could be utilised for the 
removal of impurities, mainly CO, from the anodic fuel. Comparison between 
the gold catalyst and platinum catalyst shows the superiority of the catalyst of 
the invention. The test was carried with a gas mixture containing 1% CO, 
balance air at gas hourly space velocity 60 OOOh" 1 . 
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PATENT CLAIMS 

1. A gold catalyst for direct electrochemical oxidation of hydrocarbon fuels at 
temperature lower enough to avoid thermal cracking of the fuel, including 
active complex and support, where the catalyst contains gold-reducible oxide 
clusters on a support consisting of oxides of ceria, zirconia and titanium, the 
concentration of the metals in the active complex is from 0.1% to 6%, the 
total mass of gold being from 0.1% to 2.5%, but preferably less than 1.3%. 

2. A gold catalyst according to claim 1, where the reducible oxide can be one 
or more oxides of copper, chromium, cobalt, iron and manganese. 

3. A gold catalyst according to claim 1, where the concentration of the 
reducible oxide in the active cluster is between 0.1% and 5%. 

4 A gold catalyst according to claim 1, where the support of the catalyst 
consists of oxides of ceria, zirconia and titanium or a mixture of these. 

5. A gold catalyst according to the above claims, where the concentration of 
the ceria oxide could be from 30% to 70%, the titanium oxide from 5% to 
25% and the zirconia oxide from 5% to 25%. 

6. Use of gold catalyst for oxidation of hydrocarbon fuels, methanol, methane 
and carbon monoxide at working temperatures from Oo to 650°C. 

7. Use of gold catalyst according to claim 6, which is suitable for the 
reforming of methane. 
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8. Use of gold catalyst according to claim 6, for direct electrochemical 
oxidation of methanol. 

9. Use of gold catalyst according to claim 6, suitable for selective oxidation of 
carbon monoxide impurities from the anodic fuel. 
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Figure 3: 

Partial Methane Oxidation <25% CH4 . 1 5.8% Q2) 
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Sample 4 
CH4 conversion vs Temperature 
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Figure 4: 

Partial Methan Oxidati n (25% CH4. 3.9% Q2) 
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(57) Abstract 

Gold catalyst for reforming and electrochemical oxidation of hydrocarbon fuels, methanol and methane, for application in the fuel 
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The active component of the catalyst is a complex which consists of gold and reducible oxide from the transition metals group. The 
concentration of the gold is from 0.1 % to 2.5 % and the concentration of the transition metal is from 0.1 % to 5 %. The^support of the 
catalyst consists of oxides of ceria, zirconia and titanium. The working temperature of the catalyst is from ambient to 650 C. 
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AMENDED CLAIMS 

[received by the International Bureau on 21 April 1999 (21.04.99); 
original claims 1-9 amended (1 page)] 



1. A gold catalyst for direct electrochemical oxidation of hydrocarbon fuels at 
temperature lower enough to avoid thermal cracking of the fuel, which catalyst 
contains clusters formed of gold oxides with reducible oxides of transition metals 
on support consisting of oxides of ceria, zirconia and titanium, where the 
concentration of the metals in the active complex is from 0.1% to 6%, the total mass 
of gold being from 0.1% to 2.5%, but preferably less than 1.3%. 

2. A gold catalyst according to claim 1 , where the transition metal reducible oxide can 
be one or more oxides of copper, chromium, cobalt, iron and manganese. 

3. A gold catalyst according to claim 1, where the concentration of the transition metal 
reducible oxide in the active cluster is between 0.1% and 5%. 

4. A gold catalyst according to claim 1, where the support of the catalyst consists of 
oxides of ceria, zirconia and titanium or a mixture of these. 

5. A gold catalyst according to the above claims, where the concentration of the ceria 
oxide could be from 30% to 70%, the titanium oxide from 5% to 25% and the zirconia 
oxide from 5% to 25%. 

6. Use of gold catalyst according to claim 1 for oxidation of hydrocarbon fuels, methanol, 
methane and carbon monoxide at working temperatures from 0° to 650°. 

7. Use of gold catalyst according to claim 1, which is suitable for the reforming of 
methane. 

8. Use of gold catalyst according to claim 1 for direct electrochemical oxidation of 
methanol. 

9. Use of gold catalyst according to claim i, suitable for selective oxidation of carbon 
monoxide impurities from the anodic fuel. 
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